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High-field asymmetric waveform ion mobility spectrometry (FAIMS) was used to separate
gas-phase conformers of bovine ubiquitin produced by electrospray ionization. These con-
formers were sampled by a triple quadrupole mass spectrometer where energy-loss experi-
ments, following the work of Douglas and co-workers, were used to determine their cross
sections. The measured cross sections for some conformers were readily altered by the voltages
applied to the interface ion optics, therefore very gentle mass spectrometer interface conditions
were required to preserve gas-phase conformers separated by FAIMS. Cross sections for 19
conformers (charge states 15 through 113) were measured. Two conformers for the 112
charge state, which were readily separated in FAIMS, were found to have similar cross
sections. Based on a method to calibrate the collision gas thickness, the cross sections measured
using the FAIMS/energy-loss method were compared with literature values determined using
drift tube ion mobility spectrometry. The comparison illustrated that the conformers of bovine
ubiquitin that were identified using drift tube ion mobility spectrometry were also observed
using the FAIMS device. (J Am Soc Mass Spectrom 2000, 11, 738–745) © 2000 American
Society for Mass Spectrometry
Although significant progress has been made inrecent years, there are still many challenges inunderstanding the mechanism of protein fold-
ing [1]. The advent of electrospray ionization (ESI) [2–5]
has provided a means to study protein structure in the
gas-phase, free of solvent interactions. Numerous tech-
niques have been combined with ESI to investigate
gasphase protein conformers [6]. One approach relies
on collisions of protein ions with inert gas species to
differentiate conformers based on their cross sections
(i.e., open structures will have larger cross sections than
compact structures). The second quadrupole of a triple
quadrupole mass spectrometer [7–9] and a drift tube
ion mobility spectrometer (IMS) in combination with a
mass analyzer [6, 10, 11] have been used for measure-
ments of this type.
Recently, a new technique, high-field asymmetric
waveform ion mobility spectrometry (FAIMS), was
shown to separate protein conformers at atmospheric
pressure and room temperature [12]. Ion separation in
FAIMS is based on compound-dependent changes in
ion mobility that are observed under the influence of
high electric fields [13]. Detailed descriptions of the
separation principles of FAIMS have appeared else-
where [14–16]. Although FAIMS is related to IMS in
that both techniques are mobility based, FAIMS is
unique in responding to changes in mobility rather than
absolute values of ion mobility. Thus, FAIMS has po-
tential for providing new information regarding protein
structure. In addition, FAIMS offers several advantages
for studying gas-phase protein conformations. These
advantages include: (1) high sensitivity due to an atmo-
spheric pressure ion focusing mechanism [17]; (2) the
ability to separate ions on a continuous basis thereby
producing an uninterrupted ion beam of a given con-
former for a particular charge state; (3) a gentle separa-
tion, enabling the characterization of labile species [18];
and (4) separation of ions external to the mass spec-
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trometer, allowing FAIMS to be used in combination
with all existing mass spectrometry based techniques.
With FAIMS, the experimental parameter that re-
flects changes in ion mobility at high vs. low electric
fields is called the compensation voltage (CV). As the
ion mobility at high field deviates (increases or de-
creases) from the ion mobility at low field, the magni-
tude of CV increases. The measured CV appears to be
related to the ion structure, however, the details of this
relationship have not been explored. To gain insight
into the properties governing ion location in a CV
spectrum, this report describes the use of energy loss
experiments, based on the method pioneered by Covey
and Douglas [7], to investigate the collision cross sec-
tions of protein conformers separated by FAIMS.
Calculations of protein ion cross sections based on
energy-loss measurements in a triple quadrupole mass
spectrometer have been described previously [7, 19–22].
Douglas and co-workers have related the energy lost in
the collision cell to the cross section of an ion (s) by the
following equation [21]:
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where E is the exit energy of the ion from the collision
cell, E0 is the energy with which an ion enters the cell,
m1 is the mass of the ion; m2 is the mass of the collision
gas; l is the length of the collision cell; n is the gas
number density in the cell; and CD is the drag coeffi-
cient for diffuse scattering. Note that the product nl,
also referred to as the collision gas thickness (CGT), can
be estimated based on pump speed measurements and
calculated conductances.
The drag coefficient for diffuse scattering for a
sphere, calculated by Stalder and Zurick [23], is given
by [21]:
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where s, the speed ratio (i.e., the ratio of the speed of the
object, v, to the thermal speed of the gas), is [21]:
s 5
v
˛2kT/m2
(3)
Here, k is Boltzmann’s constant and T is the gas
temperature.
For a given CGT, the value of E/E0 for a conformer
separated by FAIMS was obtained from its stopping
curve. The collision cross sections of several conformers
of bovine ubiquitin (for charge states from 15 to 113)
could thus be calculated by rearranging eq 1 to solve for
s.
Experimental
A schematic of the ESI-FAIMS-MS instrument is shown
in Figure 1 and typical operating parameters are given
in Table 1. A similar version of this FAIMS apparatus
has been described elsewhere [24, 25]. Note that the
FAIMS device used in this report differs significantly
from a previous version that was used to separate
protein conformers [12]. Although the FAIMS appara-
tus retains the original two concentric cylinders, this
device was modified as follows: The end of the inner
cylindrical electrode (14 mm o.d.) facing the mass
spectrometer was a polished, smooth spherical surface.
The corresponding inner surface of the outer cylinder
(18 mm i.d.) was machined to a concave shape so that
Figure 1. Schematic of the ESI-FAIMS-MS used in this study.
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the width of the analyzer region could be kept at
approximately 2 mm. The outer surface of the same end
of the outer cylinder was machined flat with a 1 mm
razor-sharp edge aperture in the center. This end of the
outer cylinder was mounted directly against the orifice
plate of the mass spectrometer. Thus, the orifice plate,
which is at the same electrical potential as the outer
cylinder, completes the concave shape of the inner
surface of the outer cylinder. The FAIMS device was
held in position by a PEEK insulating sleeve (not
shown) that was attached to the orifice plate. This
improved design has advantages [24, 25] over the
previous version that include a more efficient sampling
of the ions by the mass spectrometer and the elimina-
tion of the need for a custom interface.
The ESI needle was positioned at an angle of ;45
deg, and approximately 1 cm from the 2 mm opening in
the curtain plate, which was electrically insulated from
the outer cylinder of the FAIMS device. Nitrogen gas
was passed through a charcoal/molecular sieve filter
and introduced into the gap (;1.5 mm) between the
curtain plate and the outer FAIMS cylinder at a flow
rate of 2 L/min. The gas split into two flows with the
larger portion of this gas flowing out through the
curtain plate countercurrent to the arriving electrospray
ions, thereby facilitating desolvation. A smaller portion
of this gas flow carried the ions inward through a 1 mm
opening in the outer FAIMS cylinder and along the
analyzer region of the FAIMS device. Under appropri-
ate conditions, ions were transmitted through FAIMS
and focused to a region in front of the spherical tip of
the inner cylinder where they were sampled by the
mass spectrometer. There was no net flow through the
carrier gas inlet. Under typical gas flow conditions the
ions required about 200 ms to travel from the entrance
orifice of FAIMS, to the orifice plate of the mass
spectrometer.
Mass spectrometer voltages were applied so that the
ions separated by FAIMS entered the quadrupole colli-
sion cell (Q2) of the PE-Sciex API 300 instrument with
10(z) eV of kinetic energy (Q2 2 Q0), where z repre-
sents the charge state of the selected ion. For a commer-
cial API 300 triple quadrupole mass spectrometer, the
pressure in the collision cell (Pcell) and thus the CGT can
be estimated based on pump speed measurements and
calculated conductances using the equations (T. Covey,
personal communication)
Pcell 5 Pch p 158 (4)
and
CGT(cm22) 5 Pcell p 6.6 3 10
17 (5)
Here, Pch is the difference in the vacuum chamber
pressure measured with the collision gas on and off
(units of torr). Note that the lowest attainable setting for
the collision gas thickness is approximately 1.3 3 1015
cm22 with the commercial API 300. To access lower
values required for these measurements, the gas flow
controller solenoid array was replaced with a leak
valve. The collision gas used in this study was UHP
grade nitrogen.
Stopping curves for the ions exiting the collision cell
were generated by monitoring the intensity of the ion
beam while increasing the offset voltage of Q3 in
increments of 0.1 V. In accordance with previous work
[7], the stopping potential required to attenuate the ion
intensity to one-tenth of the value with no stopping
potential applied was used as the measure of the
average ion energy, E. This method of measuring ion
energy does not introduce excessive errors in the de-
rived cross sections [7]. When no gas was added to the
collision cell (i.e., used to calculate E0), the stopping
potentials for all conformers were 10.0 6 0.1 V.
Results and Discussion
Stopping Curves
Figure 2a shows a normalized ion-selective compensa-
tion voltage (IS-CV) spectrum (m/z 952.7) for the 19
charge state of bovine ubiquitin [49/50/1 solution of
water/methanol/acetic acid (v/v/v)] obtained using
ESI-FAIMS-MS. This spectrum shows two peaks that
represent two distinct conformers [12] for the 19 charge
state that were transmitted through the FAIMS device
at optimal CV values of 24.9 and 25.9 V. Figure 2b
shows the experimental stopping curves that were
acquired for each of the two conformers observed in
Figure 2a. These curves were obtained in separate
experiments by setting the CV to the value for optimal
transmission of each conformer through FAIMS,
thereby producing an uninterrupted flow of the se-
lected ion. The intensity of the ion was subsequently
monitored as a function of the stopping voltage applied
to Q3. The inset in Figure 2b shows the point of
intersection of the two stopping curves with the dashed
Table 1. Typical operating parameters
Electrospray voltage ;4300 V
Electrospray current ;160 nA
Curtain plate 1000 V
Inner FAIMS electrode:
asymmetric waveform DV 5 23400 V
CV variable
Outer FAIMS electrode & OR 10.0 V
Ring electrode 10.0 V
Skimmer plate 0 V
Q0 21.0 V
Q1 22.0 V
Q2 211.0 V
Q3 variable, steps of 0.1 V
CEM 1800 V
nl (collision gas thickness), range 3–5 3 1014 cm22
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line (i.e., the point where the intensity is one-tenth its
initial value). From the figure, the stopping potentials
are 5.16 V for the conformer transmitted at CV 5 24.9
and 5.51 V for the conformer at CV 5 25.9 V. The
results in Figure 2b provide an unambiguous demon-
stration of the difference in the values of the stopping
potential, and thus ion cross section, for these two
conformers (note that the initial energies were the same
for each conformer). Because the species transmitted at
CV 5 25.9 V requires a larger stopping voltage, it is
more compact than the conformer transmitted at CV 5
24.9 V. Using the data in Figure 2b, collision cross
sections of 1965 and 1770 Å2 were calculated for the two
conformers of the 19 charge state that were transmitted
at CV 24.9 and 25.9 V, respectively.
Evidence for Unresolved Conformers
Several of the charge states of bovine ubiquitin yielded
simple IS-CV plots of the type shown in Figure 2a,
where each peak apparently originated from a single
conformer. However, for some charge states, the cross
section measurements obtained using the energy-loss
experiments provided evidence for the presence of
multiple unresolved conformers within peaks observed
in an IS-CV spectrum. Figure 3 shows an IS-CV spec-
trum for the 18 charge state of bovine ubiquitin ob-
tained using a solution of 50/50/0.1 water/methanol/
acetic acid (v/v/v). Three distinct peaks are observed in
this plot indicating the presence of at least three con-
formers. Superimposed on this plot is a trace obtained
from a series of cross section measurements taken from
CV 28.50 to 24.25 V at 0.25 V increments. For the
conformers transmitted through the FAIMS at optimal
CV values of about 28.4 and 24.5 V, the cross section
remains approximately constant across the width of the
peak, and suggests the presence of only one conformer
(or possibly multiple conformers with similar cross
sections) within each of these peaks. However, for the
conformer that is transmitted through FAIMS at CV
;26 V, the cross section changes significantly across
the width of the peak. This variable cross section across
the width of the peak is consistent with the presence of
multiple, overlapping conformers with different cross
sections. Because the conformers are being separated
external to the mass spectrometer, and the mass spec-
trometry conditions were constant for this experiment,
the changes in cross section observed in Figure 3 cannot
be attributed to changes in ion structure during trans-
mission into the vacuum chamber, or in the mass
spectrometer itself. That is, if only one conformer was
transmitted through FAIMS in the range from CV
;25.5 to 26.5 V, only one measured value for the cross
section would be observed even if the conformer cross
section changed in the mass spectrometer.
Figure 2. (a) Ion-selective compensation voltage (IS-CV) spec-
trum of the 19 charge state of bovine ubiquitin and (b) stopping
curves obtained at the two peak maxima shown in (a). The
intersection of the stopping curve with the dashed line shown in
the inset is taken as the experimental value for the stopping
potential.
Figure 3. The IS-CV spectrum of the 18 charge state of bovine
ubiquitin and the collision cross sections that were obtained at the
compensation voltage using the energy-loss method. The change
in cross section across the conformer centered at ;CV 26 V
indicates the peak represents a series of unresolved conformers
with a wide range of cross sections.
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Effect of Mass Spectrometry Conditions on
Measured Cross Sections
Because the FAIMS device provided a continuous beam
of a selected conformer prior to transfer into the vac-
uum system of the mass spectrometer, a series of cross
section measurements were obtained using a variety of
mass spectrometer conditions. This was done to deter-
mine if the mass spectrometry interface (or other instru-
mental) conditions were modifying the experimentally
determined stopping curves for these ions. Previous
studies have shown that the observed protein ion cross
sections are affected by interface conditions, such as the
orifice/skimmer drop into a mass spectrometer [20, 26]
or by the ion injection energy into a drift tube [27, 28].
In this study, the voltages applied to certain lenses in
the mass spectrometer interface were found to distort
the stopping curves (and hence measured cross sec-
tions) of some conformers. For example, the conformer
of the 18 charge state transmitted through FAIMS at
;28.4 V in Figure 3 was sensitive to the interface
conditions of the mass spectrometer. Figure 4 shows the
measured cross section for this conformer as a function
of (a) the voltage drop between the orifice plate (OR)
and the skimmer cone, and (b) the voltage drop be-
tween the skimmer cone and the rf-only quadrupole,
Q0. In Figure 4a, the measured cross section was
essentially constant at low voltage drops between the
OR and the skimmer (5 and 10 V), but as this difference
was increased to above ;10 V, the measured cross
section for this conformer increased significantly. Fig-
ure 4b shows that the measured cross section remained
relatively constant at low voltage drops (i.e., 0.1 to 2 V)
between the skimmer cone and Q0, but increased at
higher voltage drops. The larger voltage differences
between the optical components in the interface re-
sulted in more energetic collisions between the ion and
the neutral gas. Under some conditions, these collisions
appear to be sufficiently energetic for the conformer to
unfold during passage through the interface region into
the mass spectrometer. In particular, Figure 4a shows
that the measured cross section of the ion can expand
from about 1260 to over 1900 Å2, which corresponds to
the entire range of possible cross sections of the 18 ion
indicated in Figure 3. Note that the measured cross
section illustrated in Figure 4a asymptotically ap-
proaches a cross section value near 1260 Å2 at a low
voltage drop between OR and the skimmer cone. This
condition is assumed to be sufficiently gentle that the
energy-loss method will yield good approximations of
the ion cross sections as they existed prior to entering
the instrument.
The interface lens voltage differences required to
alter the stopping potentials, and hence the measured
ion cross sections, were conformer dependent. The
magnitude of this collision induced change in cross
section was also conformer specific. For example, the
single conformer observed for the 113 charge state of
bovine ubiquitin (transmitted at CV 24.65 V) was
subjected to the interface lens voltage differences de-
scribed in Figure 4a and b. The measured cross section
remained constant within experimental error over these
voltage ranges.
The data in Figure 4 suggest that the protein con-
former cross section is conserved in mass spectrometry
measurements only when very gentle mass spectrome-
ter interface conditions are used. These results are
consistent with previous work with cluster ions of
leucine enkaphalin [18] that showed only under the
most gentle mass spectrometry conditions could cluster
ions, that were transmitted at distinct locations in the
CV spectra, be observed in the mass spectra. Unfortu-
nately, one of the consequences of operation with the
gentler interface conditions (see Table 1) is a significant
loss of sensitivity (up to 2 orders of magnitude) relative
to optimal conditions for the API 300 operating in Q3
scanning mode.
Cross Sections of Bovine Ubiquitin Conformers
Solution conditions have been shown to affect the
charge state distribution of bovine ubiquitin [12, 29–33]
as well as the number and intensity of individual
conformers for a given charge state [12, 33]. In this
Figure 4. Effect of mass spectrometer interface voltages on the
measured collision cross section of the 18 charge state of bovine
ubiquitin that was transmitted at CV 5 28.4 V; (a) the effect of the
voltage drop between the orifice plate and the skimmer cone and
(b) the effect of the voltage drop between the skimmer plate and
the rf-only quadrupole lens (Q0).
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study, cross section measurements for various conform-
ers of bovine ubiquitin were collected by electrospray-
ing three different solutions. A solution of 60/40/0.1
water/methanol/acetic acid (v/v/v) favored the pres-
ence of low charge states (i.e., 15 to 18) in the mass
spectra. A solution of 49/50/1 water/methanol/acetic
acid (v/v/v) favored the higher charge states (i.e., 19 to
113), and a solution of 50/50/0.1 water/methanol/
acetic acid (v/v/v) gave intermediate spectra. The
concentration of bovine ubiquitin in all of these solu-
tions was 5 mM. Table 2 summarizes the conformational
data obtained using the combination of FAIMS and the
energy loss method for conformers produced by elec-
trospraying these three solutions of bovine ubiquitin.
Some conformers reported in this table were detected in
only one of the solutions, whereas other conformers
were detected in more than one sample solution. Al-
though the number and relative intensity of the con-
formers for some charge states changed dramatically
between the solutions, individual conformers that ap-
peared in multiple solutions were observed to have ion
cross sections that were not significantly affected by
changes in solution composition. For these conformers
the cross sections are reported as the average of the
measurements.
Multiple conformers of bovine ubiquitin were de-
tected for all observed charge states, with the exception
of 113. The lower charge states (e.g., 15 and 16) have
relatively small cross sections that are indicative of
compact structures, whereas the highest charge states
(e.g., 111 through 113) have relatively large cross
sections that suggest more elongated structures. In
comparison, conformers for the intermediate charge
states, 17 and 18 in particular, were found to cover a
relatively wide range of cross section values.
The existence of a correlation between the CV of
transmission through FAIMS and cross section might be
expected. Figure 5 shows a plot of the CV of transmis-
sion vs. the calculated cross section for all the points
given in Table 2. For convenience in the inspection of
Figure 5, the charge state of the ion appears on the
figure. A linear regression analysis shows that there is a
limited correlation between these two parameters (r2 5
0.80). The results in Figure 5 suggest that further study
of the relationship between CV and the protein con-
former cross section is warranted. Three of the charge
states that have at least three conformers (i.e., 17, 18,
and 110) indicate that within a given charge state, the
relation between CV and the measured ion cross section
is approximately linear. Although one of the points for
the 18 charge state represents an unresolved mixture
(Figure 3), Figure 5 shows that resolution of these
conformers would not significantly modify the ob-
served linearity between CV and cross section. Note
that the slope of a line joining the 17 conformers is
almost identical to the slope of a line that would join the
18 conformers, suggesting a close similarity between
these ions. Extension of this work to other proteins has
been initiated.
Figure 5 also suggests that for some charge states
(e.g., 15 and 112), the compensation voltage can
change significantly even if there is relatively little
change in cross section. This is illustrated in Figure 6
which shows IS-CV plots of the 112 charge state
(Figure 6a) and the 110 charge state (Figure 6b) that
were generated by electrospraying a solution of 49/
50/1 water/methanol/acetic acid (v/v/v). In Figure 6a,
even though the cross sections of two conformers of the
Table 2. Summary of conformational data for bovine ubiquitin
Charge
state
Compensation
voltage
s by FAIMS/
energy loss
(Å2)
5 27.50 1110
25.70 1160
6 26.90 1195
25.20 a
27.70 1210
7 26.30 1495
24.25 1795
28.40 1265
8 26.00 1610
24.50 1920
9 25.90 1765
24.90 1965
26.20 1910
10 25.35 2020
24.95 2070
11 25.35 2125
25.00 2145
12 25.05 2290
24.55 2305
13 24.65 2385
aThe conformer was too weak to obtain an accurate measurement.
Figure 5. Plot of CV vs. the measured cross section for all the
conformers reported in Table 2. The charge state is used to indicate
the datapoint for each conformer.
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112 charge state are very similar using the energy-loss
experiments (within ;15 Å2), the FAIMS separates
these conformers by about 0.5 V. The presence of two
conformers for the 112 charge state has been reported
previously using H/D exchange with an FTICR mass
spectrometer [34, 35]. Note that the error estimates in
the cross sections shown in Figure 6 represent the
precision of repeat measurements of the ion cross sec-
tion. Conversely, for the 110 charge state, Figure 6b
shows that there is a significant difference in the mea-
sured cross sections (;50 Å2) although only 0.35 V
separate two conformers. Figure 6 demonstrates that
there are structural properties of the conformer ion,
beyond ionic cross section, that are important in deter-
mining the location of a protein conformer in a CV
spectrum.
Comparison With Literature
Cross section measurements for conformers of bovine
ubiquitin have been made using drift tube ion mobility
spectrometry [28, 33]. In comparison with cross section
measurements obtained in these studies [28, 33], the
FAIMS/energy-loss method (Table 2) gives cross sec-
tion values that are approximately 20% greater. This
discrepancy is believed to be related to a systematic
error in the assumptions used to estimate the CGT. To
enable a comparison between the conformers observed
for these two mobility based techniques, the CGT can be
calculated using a calibration method wherein the CGT
is determined from a conformer whose cross section is
taken to be “known.” Because only one conformer was
observed for the 113 charge state of bovine ubiquitin,
the CGT was calculated using an assumed cross section
of 1970 Å2 for this ion [33]. This value of CGT was then
applied to all of the data points in Table 2 to enable a
comparison between cross sections observed for the
charge states of bovine ubiquitin for the FAIMS/ener-
gy-loss method with drift tube ion mobility spectro-
metry [33]. Figure 7 shows this comparison for the 15
to 113 charge states of bovine ubiquitin; the asterisks
represent the data points appearing in Table 2, whereas
the open circles are the cross sections of the conformers
observed using “pseudonative” and “denatured” solu-
tions at varying ESI capillary temperatures [33]. Based
on the calibration of CGT, Figure 7 shows that there is
remarkably good agreement for the cross sections de-
termined by these two methods. This figure suggests
that conformers identified using drift tube ion mobility
spectrometry were also observed using the FAIMS
device. However, some conformers with similar cross
sections that were separated by FAIMS have not previ-
ously been separated using drift tube ion mobility
spectrometry.
Conclusions
The energy-loss method pioneered by Douglas and
co-workers was used to determine the collision cross
Figure 6. IS-CV plots and cross section measurements for (a) the
112 charge state of bovine ubiquitin and (b) the 110 charge state
of bovine ubiquitin. The error bars represent the precision of the
cross section measurements.
Figure 7. Comparison of the conformational data obtained using
FAIMS/energy-loss methods with literature results using drift
tube spectrometry for charge states 15 through 113 of bovine
ubiquitin.
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sections of conformers of bovine ubiquitin separated by
FAIMS. A plot of the measured cross section as a
function of CV for the 18 charge state demonstrated the
existence of multiple conformers within some peaks in
the IS-CV spectra. The cross sections of the ions sepa-
rated by FAIMS were retained only under the most
“gentle” mass spectrometer interface conditions. Con-
sequently, ion separation conditions that ions experi-
ence in FAIMS are at least as gentle as the most gentle
mass spectrometer interface conditions that were attain-
able with the methods employed in this work.
Cross section measurements for 19 conformers, for
charge states from 15 to 113, were obtained using
three different solutions. A linear regression analysis
showed that some correlation exists between the cross
section and the CV of transmission for these conform-
ers. This correlation was stronger for conformers within
an individual charge state, such as 17, 18, and 110.
FAIMS was also able to separate ions with very similar
cross sections, illustrated by the separation of two of the
conformers of the 112 charge state. Using a method to
calibrate the CGT, the cross sections measured using the
FAIMS/energy-loss method were compared with liter-
ature values determined using drift tube ion mobility
spectrometry. This comparison illustrated that the con-
formers of bovine ubiquitin that were identified using
drift tube ion mobility spectrometry were also observed
using the FAIMS device. In addition, some conformers
with similar cross sections that were separated by
FAIMS had not previously been separated using drift
tube ion mobility spectrometry.
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